Abstract. The need to prepare cities for climate change adaptation requests the urban modeller community to implement sustainable adaptation strategies within their models to be tested against specific city morphologies and scenarios. Greening city roofs is part of these strategies. In this context, the GREENROOF module for TEB (town energy balance) has been developed to model the interactions between buildings and green roof systems at the scale of the city. This module, which combines the ISBA model (Interaction between Soil Biosphere and Atmosphere) and TEB, allows for one to describe an extensive green roof composed of four functional layers (vegetation -grasses or sedums; substrate; retention/drainage layers; and artificial roof layers) and to model vegetation-atmosphere fluxes of heat, water and momentum, as well as the hydrological fluxes throughout the substrate and the drainage layers, and the thermal fluxes throughout the natural and artificial layers of the green roof. TEB-GREENROOF (SURFEX v7.3) should therefore be able to represent the impact of climate forcings on the functioning of green roof vegetation and, conversely, the influence of the green roof on the local climate. An evaluation of GREENROOF is performed for a case study located in Nancy (France) which consists of an instrumented extensive green roof with sedums and substrate and drainage layers that are typical of this kind of construction. After calibration of the drainage layer hydrological characteristics, model results show good dynamics for the substrate water content and the drainage at the green roof base, with nevertheless a tendency to underestimate the water content and overestimate the drainage. This does not impact too much the green roof temperatures, which present a good agreement with observations. Nonetheless GREENROOF tends to overestimate the soil temperatures and their amplitudes, but this effect is less important in the drainage layer. These results are encouraging with regard to modelling the impact of green roofs on thermal indoor comfort and energy consumption at the scale of cities, for which GREENROOF will be running with the building energy version of TEB -TEB-BEM. Moreover, with the green roof studied for GREENROOF evaluation being a type of extensive green roof widespread in cities, the type of hydrological characteristics highlighted for the case study will be used as the standard configuration to model extensive green roof impacts at the scale of cities.
Introduction
In the literature, green roofs (roofs with a vegetated surface and a growing medium have been credited with a large number of environmental benefits. Many experiments conducted on green roofs have highlighted their potential to reduce roof runoff entering the storm water systems through retention and evapotranspiration. This has been demonstrated at the site scale (Berghage et al., 2009 and Voyde et al., 2010 , are two good examples) as well as at the city (Mentens et al., 2006) and landscape (Oberndorfer et al., 2007) scales. Reduced roof runoff also implies reduced rain water pollutants entering storm water systems (Berndtsson et al., 2009) , although this benefit may slightly be counterbalanced by the additional source of pollution represented by the green roof
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substrates themselves (Oberndorfer et al., 2007) . Considering energy aspects, green roofs have the ability to moderate temperature changes within buildings (Castleton et al., 2010) , with beneficial consequences on building energy consumption (Getter and Rowe, 2006; Castleton et al., 2010; Jacquet, 2011) due to increased thermal mass, shading and evaporative cooling (compared to standard roofs). As for energy savings, it may vary with the season and green roof design (materials and thicknesses), although it seems strongly influenced by the level of insulation of the structural roof (Jaffal et al., 2012) . Jacquet (2011) observed for a green roof plot in Montréal a reduction in air conditioning demand in summer of 98.9 and 90.8 % (respective of when the green roof was irrigated and not) and a milder reduction in heating demand in winter (38.3 and 27.4 %, depending again on irrigation). All this site-based evidence for green roof benefits has now contributed to promoting the use of city-scale green roof infrastructure as a sustainable adaptation strategy for climate change (Bass and Baskaran, 2003; EEA, 2012; Foster at al., 2011; Giguère, 2009; Lawlor et al., 2006; Penney, 2008; USEPA, 2008) . The implementation of green roofs as opposed to urban forests and street trees may represent a more realistic and efficient greening strategy at the heart of cities, where the building fraction is high (and the ground-base surface available for greening scarce) and the initial evapotranspiration potential low.
The need for taking this research from the building scale to that of the city is clear, especially in the light of climate change. A modelling approach is the only realistic way an adaptation strategy such as roof greening can be evaluated citywide and for various seasons or long time series, hence the need for green roof models.
So far, very few studies have attempted to quantify the potential of green roof infrastructures at city scale. Three such studies were found, but these do not represent green roofs (nor buildings) explicitly. In these studies, building roofs are replaced by natural evaporating surfaces (grass, ground level), and energy and hydrological transfers are simulated with very simple parameterizations and calibrations. Bass et al. (2003) attempted to quantify the potential of green roofs for urban heat island (UHI) mitigation using this kind of modelling approach. They simulated the greening of 50 % of the available roof surfaces throughout the city of Toronto (by replacing roof surfaces with grass), and predicted a mild cooling over part of the city of the order of 0.5 • C without irrigation, and a greater and spatially wider cooling (2 • C) with irrigation of the "green roofs" and the ground-level grass of the densest areas of Toronto. Gill et al. (2007) compared the impact of green roofs on surface temperatures (based on a simple energy balance equation) and runoff (via a standard runoff curve number approach) for various urban morphology classes (UMC) for the conurbation of Greater Manchester in the UK. They showed that "greening" all roofs made the most significant contribution to maximum surface temperature and runoff reduction in the most urbanized UMCs (respectively 6.6 • C and 17.6 % for the town centre). Following the approach of Bass et al. (2003) , Rosenzweig et al. (2009) suggested that a "green roof" infrastructure for New York City could reduce urban air temperatures by 1.4 • C on average and 3.2 • C at best, which may lead to a reduction in UHI amplitude.
More detailed models are needed for city-scale applications that can explicitly describe green roofs and the thermal and hydrological behaviours associated with them, so that their impacts in terms of building energetics, comfort, UHI and runoff can be more accurately evaluated. With this aim, a detailed green roof model should be integrated into an urban canopy model in order to be run under imposed (present or future) climatic conditions or coupled to a meteorological model. This way the environmental benefits highlighted at the building scale could be studied and quantified more widely, more accurately and under various climatic constraints.
In order to set up a strategy for implementing green roofs within our town energy balance (TEB) urban canopy model (Masson, 2000; Hamdi and Masson, 2008) , a review of the types of green roof implemented in cities nowadays was primarily undertaken (Sect. 2). This allowed for us to determine the main design and functions that a green roof model should describe, and consequently the physical processes associated that need to be captured. There followed a review of green roof modelling studies to establish an inventory of existing green roof models, with regard to both their complexity and their research objectives. On these bases, a green roof parameterization has been developed for TEB. The implementation of this GREENROOF module was part of a wider effort to implement various types of urban vegetation within the model TEB (Lemonsu et al., 2012) . The hypothesis and the parameterization of GREENROOF are presented (Sect. 3). Then GREENROOF is run for an instrumented extensive green roof plot in the northeast of France (Sect. 4). Within Sect. 4, prior to the actual evaluation, a calibration exercise is undertaken and presented in order to determine the hydrological behaviour (and the associated hydrological properties) of the experimental plot drainage layer. Indeed, through this case study we aim to establish from which soil type the standard materials which form green roof drainage layers are closest to in terms of their hydrological behaviour. Evaluation results are presented both with regard to the hydrological and thermal performances of the green roof. they are commonly called "intensive green roofs", and are generally implemented for recreational use. Those containing only one or two low-profile plant species, and therefore requiring a minimal growing medium, are called "extensive". They are often used for improved thermal and hydrological performances (Wark and Wark, 2003) , and are thus interesting to model as an adaptation strategy.
Based on the technical and scientific literature (Wark and Wark, 2003; Lazzarin et al., 2005) , a generic design for extensive green roofs can be reached. From top to bottom, the essential components are a layer of vegetation; a layer of soil-forming material called substrate, which is the growing medium for the vegetation; a different soil-forming-material layer which helps to control the moisture status of the overlaying substrate (drainage or retention function depending on the plant species/climate association); and a mandatory waterproofing sheet to prevent water damage to the structural roof. Therefore, the final green roof design can be considered as the superposition of a "natural" compartment (vegetation and different soil-forming-material layers) and of an artificial compartment (waterproof and structural roof materials).
In addition, experimental studies on pilot green roofs (for example Bass and Baskaran, 2003; Berghage et al., 2009; Jacquet, 2011; Jim and He, 2010; Jim 2011; Jim and Peng, 2011; Nardini et al., 2012) have highlighted heat and water transfers within these "natural" layers which are similar to those which establish themselves within ground-level natural surfaces except for specific limit conditions. The transfers involved in a natural surface, be it at ground or roof level, are energetic, thermal and hydrological. The energy balance results in the balance between the surface net radiation and the latent, sensible and storage heat fluxes. Heat conduction and storage occur and can be strongly influenced by soil moisture content. But unlike open ground natural surfaces, for green roof natural surfaces, the heat gains or losses from the thermal contact with the bearing roof should be considered. In terms of hydrological transfers, a green roof surface behaves like any other natural surface (vertical water fluxes depend on soil moisture gradients, drainage occurs if super-saturated conditions appear and surface runoff may establish during rainfall events) except that the hydrological characteristics of green roof soil-forming materials are very different from those of natural soils, and that the water drained out of a green roof base is lost "in favour of" the rainwater network. These differences do not change the nature of the transfers involved, but act rather as boundary conditions for these transfers.
Therefore, it seems realistic to make the hypothesis that the natural layers of green roofs could be simulated by a standard soil-vegetation model incorporating the boundary conditions presented and, i.e. the finite dimension of the green roof and the presence of a structural built roof at its base.
The state of the art in green roof modelling
The current state of the art in green roof models highlights two modelling topics: that of the energy performance, and that of the hydrological performance; the modelling of both is rarely combined. The simple thermal and hydrological approaches are not presented here because they do not meet the criteria defined in the objectives presented.
All the detailed models of heat transfer (Alexandri and Jones, 2007; Del Barrio, 1998; Kumar and Kaushik, 2005; Ouldboukhitine et al., 2011; Sailor, 2008 -also known as the Ecoroof module for EnergyPlus) have in common an explicit description of green roofs, which takes into account a structural roof model, a soil model and a canopy model. While the energy balance at the green roof surface is performed in a more or less complex way (especially with regard to modelling the behaviour of the vegetation), the heat transfer is subsequently simulated by all these models based on a standard conduction equation. As far as modelling vegetation behaviour is concerned, all models parameterize vegetation transpiration as a function of the meteorological conditions and the gaseous equilibrium which establishes between the outside and the inside of the plant (via the plant stomatal resistance) -except that of Ouldboukhitine et al. (2011) , which uses a simpler formulation (Penman-Monteith). Although these models account for the hydrological status of the green roof, it is with the sole purpose of computing soil effective thermal characteristics (as in function of soil moisture). Soil moisture status is either measured or estimated via a simple or a mixed form of Richards equation, but hydrological performance is generally not evaluated.
Most of the studies aimed at modelling the hydrology of green roofs (Hilten et al., 2008; Palla et al., 2009 Palla et al., , 2012 have used the HYDRUS software (Simunek et al., 1994 (Simunek et al., , 2005 , whose most recent version also takes into account the heat transfer (Yu and Zheng, 2010 ). This calibrated model relies on the Richards equation and on the hydraulic functions of Van Genuchten (1980) and Mualem (1976) to simulate the processes of infiltration, lateral flow and surface runoff and predict moisture content profiles. Although very detailed, this model needs user-input evapotranspiration rates, which must therefore be estimated by other means. For numerical reasons (finite element method), HYDRUS works at very fine spatial resolutions. The work of Palla et al. (1999) is a good example of this resolution: they used 3695 grid elements to simulate a roof of 215 cm long by 46 cm thick. Consequently, a model such as HYDRUS is used to evaluate the hydrological performance of individual green roofs at small temporal scales such as a hydrological event (generally a few hours), but its computing cost due to its fine spatial resolution is not appropriate for city-scale applications.
In summary, even if most models are able to capture the dominant processes involved in green roof soil and structural compartments, none of them currently couple a combined modelling of thermal and hydrological processes that could be used on the scale of a city and for long time periods. The presence and impact of drainage or retention layers are also not simulated, even though these layers play a major role, not only with regard to hydrological performance but also in terms of thermal performance, as evidenced in the work of Jim and Tsang (2011) . Finally, the difficulty encountered by all models remains the calibration, as is the case for all models with these levels of complexity.
Strategy for the inclusion of green roofs within TEB
As established previously, the heat and water transfers involved in the natural layers of green roofs (atmosphere, vegetation, and substrate and hydrological control layers) are similar to those of perfectly natural surfaces. They can therefore be simulated, as is the case in the models previously examined, by a standard soil and vegetation model, provided that it is calibrated to reflect the peculiar characteristics of the soilforming materials used for the construction of green roofs. Therefore, the strategy proposed and ultimately retained for the inclusion of green roofs within TEB is to use a soil and vegetation model that can not only be calibrated for a specific soil but would also have the ability to overcome the limitations of existing models. The ideal model should allow for a coupled modelling of green roof hydrological and energetic performances, employ sufficiently detailed parameterizations to describe the physical processes involved (including evapotranspiration and soil water flows), and at the same time have spatial resolutions (i.e. time calculations) suitable for modelling applications at city scale.
A green roof module for TEB

Current modelling of the urban climate with TEB
Urban climate modelling at the National Centre for Meteorological Research (CNRM-GAME) of Météo France relies on the use of the SURFEX land surface modelling system . It characterizes a study area based on four land use types (urban, natural, freshwater, and sea and ocean surfaces), and computes the exchange of heat, water and momentum between each type of surface and the atmosphere. More specifically, SURFEX features TEB (Masson, 2000) for solely urban surfaces and the ISBA model (Interaction between Soil Biosphere and Atmosphere) developed by Noilhan and Planton (1989) for natural and agricultural surfaces.
For TEB, the urban landscape is simplified as a network of street canyons of infinite length. Within each surface resolved by the model (also called mesh), it is possible to specify the geometric, radiative and thermal characteristics of an average street canyon represented (for equiprobable street orientations) or to fix these features street canyon by street canyon (for different street directions). TEB simulates the exchange of heat and water for three generic surfaces (roof, wall and road) and computes the urban microclimate variables at street level, as well as energy and water budgets from the neighbourhood to the city scale (Lemonsu et al., 2004 (Lemonsu et al., , 2010 Offerle et al., 2005; Pigeon et al., 2008) and the feedback on the meteorological variables, when it is coupled to an atmospheric model Lemonsu and Masson, 2002) . Recently, to better describe the finer scale interactions between artificial surfaces and natural surfaces found within cities, the ISBA model used for natural and agricultural surfaces has been integrated within TEB (resulting in the TEB-Veg configuration) and evaluated by Lemonsu et al. (2012) . Given the modelling strategy retained and the aim to optimize source code development while retaining the modular structure of the SURFEX tool, an approach similar to Lemonsu et al. (2012) , relying on ISBA, was considered well adapted and detailed enough to characterize and simulate water, energy and momentum fluxes within the natural layers of green roofs.
Using ISBA-DF coupled with TEB for modelling green roofs
Beyond being part of the SURFEX platform and being used in the weather forecast model of Météo France, the advantages of ISBA are numerous: since 1989, the year of its initial formulation by Noilhan and Planton (1989) , it has been constantly enriched with detailed representations of physical processes (including surface atmosphere processes and hydrological and thermal transfers within the soil) as well as evaluated . Using ISBA for the natural layers of roofs makes it possible to have a model that offers a good compromise in terms of accuracy and computational costs for local-to global-scale applications, while allowing for the opportunity to benefit from various other options (e.g. carbon sequestration) and future improvements.
Estimation of evapotranspiration
Whatever the version, ISBA uses a detailed parameterization for the estimation of evapotranspiration, which is an essential component of green roof water balance. The transfer of heat and water between the atmosphere, the vegetation and the soil compartments of the green roofs is simulated through surface fluxes ( Fig. 1) , which are connected to each other through the latent heat flux (LE), which is the sum of the plant transpiration (LE TR ), the soil evaporation (LE G ), and the evaporation of the water intercepted by plant foliage (LE V ). These fluxes are estimated by detailed parameterizations, especially plant transpiration (LE TR ), which is, in the ISBA standard version, estimated as follows:
where F veg is the fraction of vegetation covering the ground; ρ a the air density; C H the turbulent exchange coefficient; V a the wind speed; and H V and VPD respectively the Halstead Fig. 1 . Green roof design for TEB-GREENROOF and associated physical processes. Left: hydrological processes -surface runoff (RUNOFF), vertical water fluxes (F , infiltration or upward capillary action depending on moisture gradient), supersaturated drainage (K) and water drained out of the green roof base water (K total ) and precipitation (RAIN) Right: energy balance terms -net radiation (Q*), sensible heat flux (H ), latent heat flux (LE) and ground storage heat flux (G). LE is the sum of the ground evaporation (LE G ), the evaporation of the water intercepted by the plant canopy (LE R ) and the vegetation transpiration (LE TR ). Top: thermal processes -within all layers, thermal conduction (G between natural layers, G R between artificial layers, with Q N−R the heat flux coupling the natural and structural roofs.
coefficient and the vapour pressure deficit in the air, which are calculated as follows:
VPD is calculated in Eq. (3) as the difference between the humidity of the air at saturation q sat (T S ) and the actual air humidity q a around the plants. In Eq. (2), δ h represents the fraction of foliage covered by intercepted rainwater, R a the aerodynamic resistance and R S the stomatal resistance. The latter is derived within ISBA from the formulation of Jarvis (1976) :
where R Smin represents the minimum stomatal resistance of the vegetation, LAI its leaf area index, and the F factors' functions describe the influence of the environment (F 1 , F 3 and F 4 ) or the soil hydrological status (F 2 ) on the stomatal resistance. F 1 describes the effect of the photosynthetic active radiation (PAR), and F 3 and F 4 the respective influence of the temperature and the VPD on evapotranspiration. For a for a detailed description of these factor formulations, see Boone (2000) .
Modelling of hydrological and thermal transfers in the soil
Given the different nature and role of the soil compartments of green roofs (substrate and drainage or/and retention layers), it is interesting to use ISBA for its explicit multilayer version ISBA-DF, developed by Boone et al. (2000) . Because it allows for us to represent the vertical heterogeneity of a soil (in terms of its hydrological and thermal properties but also in terms of its root distribution), ISBA-DF has the potential to accurately simulate different hydrological behaviours for a substrate and drainage/retention layers, which appears to be an improvement compared to existing green roof models. On the hydrological side, ISBA-DF is capable of predicting green roof surface runoff that may occur in response to extreme rainfall events (Fig. 1 ). Inside the substrate and the hydrological control layers, ISBA-DF simulates the water fluxes due to vertical moisture gradients (F ) and the water vertical drainage (K) that establishes when these layers exceed supersaturation. This way, the overall water discharge from the green roof (which is frequently recorded) can be estimated by combining the contributions of the total drainage out of the green roof base (K total ) and the surface runoff.
The soil hydrology is based on a mixed form of the Richards equation to describe the transfer of water through the soil through Darcy's law (changes in moisture and water potential) when transfers of heat (conduction) are described by a classical Fourier law. The coupling between heat and water transfers is finally realized through effective soil thermal characteristics, which evolve in time with the soil moisture status. The effective thermal capacity of the soil is calculated as the weighting of the heat capacity of water and the heat capacity of the dry soil matrix following Peters-Lidard et al. (1998) . Similarly, the effective thermal conductivity of the soil is estimated according to Farouki (1986) as a function of the water content, the soil porosity and the conductivity of the dry soil. This corresponds to the level of detail encountered in the most detailed green roof models (Alexandri and Jones, 2007; Del Barrio, 1998; Sailor, 2008) . In ISBA-DF, all the soil intrinsic characteristics, be they thermal or hydrological, are estimated based on a set of pedotransfer functions and prognostic equations described in Boone et al. (2000) and Decharme et al. (2011) .
The added value of the ISBA-DF version with regard to evapotranspiration comes from a better calculation of the F 2 factor (Eq. 4). Indeed, contrary to the standard version of ISBA, which estimates a uniform stress factor for the entire column of soil, ISBA-DF uses the vertical profiles for root distribution and water content to compute a vertical distribution for F 2 :
where w wilt (j ) and w fc (j ) are respectively the water contents at wilting point and field capacity of the layer j of soil. Using ISBA-DF for green roof natural layers allows for us to specify a root distribution profile only within the substrate layers (and not beyond within the drainage or retention layers). This constitutes a good level of detail considering the spatial scale aimed at, and should assist in accurately simulating the energy balance at the surface of the green roof, and consequently the heat conduction (G) into the substrate and the layers beyond, which is essential to ensure a good prediction of heat transfers within the entire green roof system.
Coupling ISBA-DF with TEB
The green roof design retained for GREENROOF allows for four distinct compartments or layers to be modelled ( Fig. 1) : from top to bottom, a compartment for vegetation which interacts with the atmosphere, a layer of substrate (in which lies the root system of the vegetation), a layer that controls the hydrological exchange with the substrate above (retention/drainage layer) and a compartment to represent the structural building and any artificial roof layers installed (waterproofing or thermal insulation membranes and layers of the bearing roof).
Modelling this physical design within GREENROOF implies a configuration with two models: ISBA-DF to simulate the exchange of heat and water in the natural layers of the roof, and TEB to simulate heat exchange within the artificial layers of the roof which have no biological role and within which no transfer of water is involved. The structure of the resulting source code is presented in Fig. 2 . This two-scheme configuration requires implementation of a thermal coupling between the base of the hydrological control layer (managed by ISBA-DF) and the artificial layers of the roof (managed by TEB). This coupling is realized in two ways -one way through the interfacial heat conduction flux, the other way via the temperatures of the layers in contact. TEB is coupled to ISBA through the interfacial heat conduction flux (G N−R ) that establishes between the deepest sub-layer (referred to as layer n) of the natural green roof and the top sub-layer (layer 1) of the artificial roof with which the natural roof is in contact:
T N n and T R 1 are, respectively, the temperatures of the deepest sub-layer of the natural roof and the top layer of the artificial roof. λ N−R is the interfacial thermal conductivity between the two layers, approximated by
with λ N n the effective thermal conductivity of the bottom layer of the natural roof and z N n its thickness. This modifies the equation predicting the temperature evolution of the top layer of the structural roof (Eq. 1a of Masson, 2000) :
where C R 1 is the thermal capacity of the artificial layer in contact with the natural roof; f GR the fraction of roof vegetated; and Q * R 1 , H R 1 , LE R 1 , G R 1 −R 2 the terms of the surface energy balance for the fraction of roof not vegetated.
Then, to ensure the continuity in temperature, ISBA is coupled to TEB by recalling the temperature of the deepest layer of the green roof to that of the top artificial layer of the structural building at each time step.
Due to the presence of waterproofing membranes, no hydrological coupling is required between the soil-vegetation model and the building model, and the excess water and the water that percolates leaves the system and are collated as the "green roof outlet drainage". This will allow for connection to urban drainage systems when these are developed within a future version of TEB.
GREENROOF input parameters
For a given green roof design, the three natural compartments implemented in the GREENROOF module (vegetation, substrate and hydrological control layers) can be initialized (Table 1 ). The study of the scientific and technical literature shows that the plant species the most commonly used on green roofs are grasses (Gramineae) or sedums (Sedum) or a mixture of both. However, sedums are more frequently used for green roofs implemented under a dry climate due to their ability to stand the conditions inherent in this type of climate. Sedums are low-growing succulent plants of the Crassulaceae family, and are categorized as crassulacean acid metabolism (CAM) plants, CAM being one of three mechanisms for the uptake of CO 2 (photosynthesis) with C3 and C4. Under the CAM photosynthesis pathway, sedums can withstand long periods of heat and water stress (Carter and Butler, 2008; Durhman et al., 2006; Van Woert et al., 2005; Wolf and Lundholm, 2008) by partially closing their stomata during the day (hence reducing or inhibiting transpiration), and opening them at night to fix CO 2 for later use in photosynthesis. Many sedums are facultative CAM, meaning that they can switch to a C3 photosynthetic pathway when water is again available. This ability makes them very water-useefficient, which is why they are well adapted for extensive green roofs (thin layer of growing medium). However this photosynthetic pathway CAM (or CAM-C3) is not parameterized in standard vegetation models (including ISBA), and even providing standard input values for this type of vegetation is a delicate task because few data have been published. Even if the lack of data did not allow for a parameterization of sedum transpiration mechanisms to be established and implemented in GREENROOF, an attempt to characterize sedums for ISBA-DF has been undertaken, bearing in mind the objective to eventually simulate the differences in characteristics and functioning inherent to the two types of vegetation commonly found on green roofs. To this end, two options for green roof vegetation have been established in GREENROOF and are provided to the user: the GRASS option (herbaceous lawn) and the SEDUM option (sedum lawn). Default characteristics for GRASS were already available in the standard version of ISBA-DF. A set of values was finally collected in the literature to characterize the type SE-DUM (Table 2) .
Ultimately, it is mainly the characterization of the substrate and hydrological layers which is a crucial and challenging step as the soil-forming materials implemented on green roofs are very different from the standard soils. This is discussed further in the next paragraph via a case study. The characterization of the artificial layers (Table 1) which may be added to the initial roof upon green roof implantation (such as insulation or waterproofing layers) is performed within the TEB model. Table 1 . GREENROOF model input parameters (T and H refer respectively to a thermal and a hydrological parameter). For standard applications of ISBA to natural soils, the thermal characteristics for dry soil and the hydrological characteristics are deduced from empirical formulations, called pedotransfer functions, which connect these characteristics to the user-input soil texture properties (sand and clay fractions, Decharme et al., 2011) . But the pedotransfer functions derived for natural soils are not really adapted to the soil-forming materials constituting the substrate or the drainage layers of a green roof. Consequently, whenever possible, it is better to directly input GREENROOF with greenroof-specific thermal and hydrological characteristics. However, when thermal characteristics for green roof materials are available, hydrological characteristics are not only hard to find but also consist in lab measurements which do not reflect in situ conditions such as soil compaction or root presence/growth. Indeed, root growth results in the formation of soil microstructures, which modifies the intrinsic soil hydrological behaviour. Consequently, a calibration exercise is undertaken to best fit green roof hydrological characteristics to in situ conditions as well as to the GREENROOF module.
Case study experimental data
The GREENROOF module is evaluated against observations at a single site. This exercise is based on the experiment conducted by the Centre d'Etudes Techniques de l'Equipement de l'Est [CETE] in the northeast of France near the city of Nancy. The research team at the CETE has designed an experiment with the aim of studying the relations between the thermal and hydrological characteristics of green roof systems and their thermal and hydrological behaviours for a set of vegetation/substrate/drainage layer combinations (Fig. 3) . Due to their location, the plots are exposed to a temperate oceanic climate. The green roof plot studied, whose surface is 75 m 2 , is composed of three natural layers of significant thicknesses (Fig. 3) : a vegetation layer, a manufactured growing medium (substrate) and a drainage layer underneath. In addition, the transfer of fine substrate particles into the drainage layer is prevented by a 1.9 mm thick filter sheet which lets the water pass (geotextile material with high hydrological conductivity). In order to improve the energy performance of the building, an insulating layer of 60 mm has been installed between the base of the green roof compartment and the structural roof. Finally, two 3 mm thick waterproofing membranes on either side of the insulating layer prevent water damage to the insulator and the structural roof. The vegetation is a freshly established (2-month old) sedum lawn consisting of a mixture of seven species (Sedum album, Sedum reflexum larix, Sedum reflexum germanium, Sedum spurium, Sedum sexangulare, Sedum floriferum, and Sedum hispanicum: Fig. 3 ). The substrate, manufactured by the firm Falienor, is widely used in extensive green roof implementations. The drainage layer consists of expanded clay granules (2-10 mm grain size) manufactured by the firm Leca ® . Therefore, this green roof plot is fairly representative of the green roofs which are nowadays implemented in cities.
The evolution of the thermal and hydrological status within the green roof is recorded as shown in Fig. 3 . Soil temperatures are recorded using PT100 sensors at different depths, including the soil surface, near the centre of the plot (0, 10, 96, 105 and 148 mm). Soil water content and matrix potential are provided by a TDR probe at a single depth (66 mm), and the excess water which is drained out of the substrate and drainage layers is measured with a tippingbucket water gauge at the base of the green roof (water outlet). In addition, a weather station situated on the roof at 1.40 m above green roof surface provides air temperature, wind speed and relative humidity as well as global incoming solar radiation at a 10 min temporal resolution. The time series available for all of these data run from 4 July to 29 November 2011.
Numerical setup for the case study
This study focuses on the green-roofed plot and its surrounding environment, the scale at which observations are available. Consequently, simulations are carried out on one grid point. To simulate atmospheric conditions to which the green roof is exposed, a series of locally observed meteorological fields are prescribed hourly to the GREENROOF module: atmospheric pressure, shortwave incoming solar radiation (direct and diffuse), longwave incoming radiation, air temperature and relative humidity, average wind speed and precipitation (rain and snow). The weather station installed on the greened roof provides air temperature and relative humidity, as well as average wind speed and global incoming solar radiation. The global incoming solar radiation is assumed to be about 80 % direct and 20 % diffuse. Precipitation and atmospheric pressure are provided by the nearest Météo France weather station (which is about 130 m from the green roof plot; see Fig. 3 ). Finally, since the infrared incoming radiation (LW ↓ ) which must be prescribed to the model is not available at any of the two stations, it is firstly established for clear sky conditions (LW ↓ CS ) according to the StefanBoltzmann law (Eq. 9), with air emissivity (ε a ) calculated according to Prata (1996) after its temperature (T a ) and humidity. Then it is modulated following Diak et al. (2000) to account for the longwave re-emission of the cloud cover (f C observed at the nearest Météo France weather station, Eq. (10) -assuming that the cloud temperature is equivalent to that of the surrounding air and cloud emissivity is equal 
where σ is the Stefan-Boltzmann constant.
To model the studied plot with GREENROOF, the three natural layers of the roof (vegetation, substrate and drainage layer) are simulated by the ISBA-DF model, while the artificial layers (the two waterproofing membranes on either sides of the insulator, and the initial structural layers of the roof) are simulated by the TEB model. Both the thermal and hydrological influences of the particle filter are considered negligible because of its low thickness and high water conductivity. Finally, to ensure numerical stability in model runs, and in order to extract temperature and water content model estimates at the same vertical levels as those measured on the plot, the substrate and drainage layers were subdivided respectively into three and two vertical sub-layers.
Initialization of green roof thermal parameters
Values for radiative and thermal characteristics (referred to as T in Table 1 ) of all green roof layers, be they natural or artificial, were either recovered from the technical literature (suppliers or manufacturers of similar products), measured by Bouzouidja (in the laboratory or in situ on the study plot) or retrieved from the scientific literature. A compilation of these values is presented in Table 3 . Note that the value retained for the dry soil thermal conductivity of the case study substrate is within the range of thermal conductivities reported in Sailor (2008) for eight different green roof substrates at 0 % soil moisture (0.14-0.21 W m −1 K −1 ), and this information is well correlated with the substrate density (800-851 kg m −3 according to Bouzouidja, 2012, and Falienor, 2010) . Its heat capacity is slightly above the range of those measured by Sailor et al. (2008: 950 760-1 246 000 J m −3 K −1 ) but of a similar order of magnitude.
Methodology for the calibration of green roof hydrological parameters
The first step of this calibration consists in compiling the values available, for each of the six hydrological characteristics needed as model inputs, (referred to as H in Table 1 ) in the same way as for thermal parameters (technical and scientific literature, measurements). The water contents at field capacity and wilting point are prescribed from in situ observations, leaving only four hydrological characteristics to initialize for both the substrate and the drainage layer: the porosity, which represents the maximum interstitial space available for water; the saturated hydraulic conductivity, which corresponds to the infiltration rate of the water when the soil is saturated; the soil matrix potential at saturation, which corresponds to the pressure required to extract water from a soil matrix saturated with water; and finally the coefficient of the water retention curve used in ISBA, called b, which relates the matrix potential to the water content of a soil matrix according to the formulation of Clapp and Hornberger (1978) . The b coefficient is an empirical coefficient which varies according to soil type, and can be determined by regression based on observations. This method can be used for the substrate layer for which the hydrological status is continuously recorded (Fig. 3) , and is applied to two sets of relevant porositymatrix-potential combination (developed in Appendix A). Things are slightly more complex for the drainage layer. Indeed, due to the double porosity of this layer (macroporosity of the matrix and microporosity of the expanded clay granules) and the lack of data for initializing the matrix potential at saturation and b coefficient, a calibration exercise is run. The objective of this exercise is to determine -from three typical hydrological behaviours, organic matter (OM), SAND or CLAY -the one that best corresponds to this soilforming material in GREENROOF. Therefore, the calibration exercise consists in running three simulation ensembles differing in the initialization of their drainage layer. Based on the green roof hydrological characteristics listed in Table 4 , ensemble members are obtained by the combination of two drainage layer parameter values (matrix potential at saturation and b coefficient, written in italics in Table 4 ) with all the other substrate-drainage characteristic values, resulting in 32 simulations per ensemble. Each of them is then run and the outputs are compared against local observations to identify the best ensemble to model the hydrology of the case study plot.
The calibration period is chosen carefully, firstly to calibrate GREENROOF at a time when many processes are active (presence of rain, vegetation fully developed and photosynthetically active), and secondly when the plot conditions are closest to what GREENROOF is capable of modelling. Indeed, a device with stoppers has been installed between the green roof base and the tipping-bucket water gauge. This device may allow for a water blade of varying height to be retained, when it exists, by using these stoppers placed at different heights of the outlet (multiples of 15 mm). It is intended to keep water on the roof for use during dry spells or to delay and reduce roof runoff peaks during heavy rainfall events. Obviously, this device, which consists in an experimental setup, could complicate the analysis of the calibration exercise presented herein since it prevents part of the water that is drained out of the drainage layer from being recorded. As GREENROOF does not seek to simulate this device, which is not generally implemented on green roofs, and as the dates at which these stoppers were installed are known (two stoppers between 10 July and 8 August and between 28 October and 29 November, one stopper between 9 August and 27 October 2011), the calibration period chosen was when fewer stoppers were installed, from 10 August to 9 September 2011. (Bouzouidja, 2010) Dry (1 and 3) Deducted from building type and age (Lemonsu et al., 2011) (2) ACERMI (2009) (4 and 5) Deducted from building type and age (Lemonsu et al., 2011) Heat capacity (J m −3 K −1 ) (1) 2 100 000 (2) 44 800 (3) 2 100 000 (4) 75 000 (4) 2 300 000
(1 and 3) Deducted from building type, age and usage (Lemonsu et al., 2011) (2) Deducted from BING (2006) Over the calibration period, a systematic calculation of simulation statistical scores is undertaken to compare GREENROOF results to observations by focusing on the hydrological variables available on site (substrate water content and outlet drainage). The Pearson coefficient of correlation (R), the root-mean-square error (RMSE), the mean bias error (MBE) and the standard deviation (SD) are computed. For the sake of visualization, R as well as the centred RMSE and the standard deviations (SD) of both the models and observations are initially plotted on a Taylor diagram (Taylor, 2001 ). Supplier information (Falienor, 2010) Measured (Bouzouidja, 2012) Matrix potential at saturation (m) -0.10 Value fitted on observed water retention curves (Appendix A)
b coefficient for water retention curve (-) 2.9 3.9
Deducted from water retention curve (Fig. A1 ) porosity of 0.674 and matrix potential of −0.10 Deducted from water retention curve ( Deducted from supplier density data (Table 3 Values for organic matter (Lawrence and Slater, 2008) Porosity ( Deducted from supplier density data (Table 3 Values for sand in ISBA (Clapp and Hornberger, 1978) Porosity ( Deducted from supplier density data (Table 3 Values for clay in ISBA (Clapp and Hornberger, 1978) Table 4. Hydrological characteristics tested for green roof calibration exercise. Deducted from supplier density data (Table 3 
Determination of the best hydrological ensemble for the case study
The Taylor diagrams for daily outlet drainage and substrate water content are presented in Fig. 4 . They demonstrate different behaviours for the three ensembles. The model performance in estimating substrate water content (Fig. 4, left) is better for the OM ensemble than for the SAND and the CLAY ensembles, and is acceptable, with a correlation ranging from 0.6 to nearly 0.85. Two subsets can be identified within the OM ensemble; subset 1 has a slightly lower R, a better SD and a slightly better centred RMSE than subset 2. The scores for the substrate water content are in coherence with the scores for the daily outlet drainage (Fig. 4 , right): they are also better for the OM ensemble than for the other two, in the same order of performance (performance OM > performance SAND > performance CLAY). The correlation coefficient ranges from 0.6 to 0.8, and this time, the two OM subsets present different SD and centred RMSE, the water content subset 2 being the outlet drainage subset, with the SD the closest to observations (0.12 m 3 day −1 ) and the smallest centred RMSE (around 0.1 m 3 day −1 ).
Figures 5 and 6 present the evolution of the two variables of interest over the calibration period for each of the three ensembles and their means, as well as additional statistical scores. They confirm that the OM ensemble systematically better suits the observations than SAND and CLAY ensembles, be it for the substrate water content or the outlet drainage. In Fig. 5 , for the substrate water content, the mean bias error (MBE) of the OM ensemble mean is −0.10 m 3 m −3 , and those of the SAND and CLAY ensemble means respectively two and three times more. Figure 6 demonstrates similar results for the outlet drainage, with a percentage bias error (PBE) of +121, +310 and +337 % for the OM, SAND and CLAY ensemble means respectively, resulting in an excess of 1.4, 3.5 and 3.8 m 3 being drained out of the green roof over the calibration period. These better biases for the OM ensemble are also associated with better RMSEs, be it for the substrate water content (0.11 m 3 m −3 against 0.24 and 0.30 for the SAND and CLAY ensembles) or the outlet drainage (0.10 m 3 day −1 versus 0.23 and 0.26 for the SAND and CLAY ensembles). Even with the best ensemble simulations, GREENROOF tends to underestimate the water content in the substrate, while overestimating the drainage collected at the green roof base. The stopper in place at the base of the green roof might explain part of this positive bias since some of the water drained from the substrate and the drainage layer is retained at the green roof base instead of being evacuated towards the roof outlet. In addition, the model always simulates a "background" drainage" even when none is observed, which contributes to this positive bias.
Finally, the best calibration ensemble obtained for the drainage layer -whose texture, porosity and hydrological behaviour are complex -displays hydrological characteristics which are all typical of the behaviour of organic matter (peat): high porosity and saturated hydraulic conductivity matched to a low b coefficient (according to Lawrence and Fig. 6 . Comparison of the three ensemble simulations OM, SAND and CLAY with regard to their ability to model daily outlet drainage over the calibration period (10 August 2011-9 September 2011). Graphs represent the evolution of the outlet drainage with time for each ensemble, while the tables gather their respective scores. R the correlation coefficient (-), RMSE the root-mean-square error (m 3 day −1 ), PBE the mean bias error (%) and CBE the bias error cumulated over the entire calibration period (m 3 ). For reference, the total outlet drainage observed over this period of time equals 1.1 m 3 . Slater, 2008) . This information is an interesting outcome because it allows for one to relate the hydrological behaviour of expanded clay granules to a better known soil component. This best calibration ensemble will next be used to evaluate the GREENROOF model hydrological and thermal performances over the remaining time series.
Evaluation of GREENROOF hydrological and thermal performances
Hydrological performance
The evolution of the substrate water content and the green roof drainage over the entirety of the time series available are presented in Fig. 7 for the OM ensemble calibrations and the two OM subsets to illustrate their discrepancies in relation to that of their statistical scores (Table 5 ) calculated over the evaluation period running from 10 September to 29 November 2011. Starting with the substrate water content, GREENROOF scores over the evaluation period are similar (RMSE and MBE) or even better (R, SD) than those of the OM ensemble mean over the calibration period (Fig. 5) . Looking at its temporal evolution, Fig. 7 (top) reveals a water content that is more underestimated at the beginning of the evaluation period (until 5 October) than later on, while the overall dynamics are quite good. This behaviour seems to be in the continuity of the underestimated water status which established at the end of the calibration exercise (between 27 August and 9 September). As highlighted previously, Fig. 7 shows two different hydrological regimes corresponding to the two subsets identified in Fig. 4 (1 and 2), with subset 2 clearly presenting better scores than subset 1 (Table 5 ). This is illustrated by better R (0.86 compared to 0.71), MBE (−0.05 compared to −0.16 m 3 m −3 ) and RMSE values (0.06 compared to 0.16 m 3 m −3 ), despite a higher SD (0.05 m 3 m −3 ) than subset 1 and observations (0.02 m 3 m −3 for both). The better scores of subset 2 are explained by a higher porosity of the substrate (0.674 instead of 0.411 m 3 m −3 for subset 1), which is the only different hydrological characteristic between the two subsets. Indeed, the subset 2 higher porosity allows for a higher water content to be reached within the substrate matrix when it is saturated.
The better scores of subset 2 for simulating the water content of the substrate logically provides better scores as well for simulating the amount of water discharged at the base of the green roof, with a much better PBE (61 % against 192 % for subset 1) and similar RMSEs (0.07 and 0.06 m 3 day −1 ) despite a weaker correlation (0.66 against 0.83). Overall, evaluation scores for the drainage are acceptable and generally better than those over the calibration period even if the model overestimates the drainage most of the time. As mentioned previously, the background drainage always simulated by the model explains a large part of the error on the accumulated drainage, i.e. 1.2 and 0.5 m 3 for subsets 1 and 2, respectively, over the evaluation period (for cumulated bias errors of 4.2 and 2.3 m 3 , respectively). 
Thermal performance
The evolution of recorded and simulated green roof temperatures is presented in Fig. 8 . Whether at the bottom of the substrate (at 96 mm) or the drainage layer (at 148 mm), the temperatures estimated by GREENROOF demonstrate a good correlation with those observed (respectively 0.91 and 0.89 for the OM ensemble mean, Table 5 ). By contrast, even if the model is able to capture seasonal variations, the temperatures simulated by GREENROOF as well as their daily amplitudes are greater than that observed. This corresponds to an MBE of 2.68 and 1.10 • C for the substrate and the drainage layers, respectively, and an RMSE of 4.32 and 3.69 • C. This overestimation of soil temperature is coherent with the underestimation of water content in the substrate layer since the effective thermal properties of the soil matrix are calculated according to Peters-Lidard et al. (1998) based on the dry thermal properties shown in Table 3 , as well as the porosity and the water content of the soil matrix. Eventually, an underestimated water content will generate lower thermal conductivity and heat capacity than in reality, with a consequent increase in the soil matrix temperature. This impact has been evaluated on one of the best OM simulations by forcing the effective thermal characteristics of the substrate to those that it would have at field capacity: depending on the substrate moisture status in the initial simulation, this effect only contributes to a cooling in temperatures of 0.5 to 1.5 • C. This implies that other processes might be responsible for the temperature bias and the higher amplitudes of the temperature simulated in the substrate. It may originate directly from the initialization of the dry thermal characteristics themselves or from the simulation of the surface energy fluxes. So far, the analysis of the amplitude and the partitioning of simulated sensible and latent heat flux does not highlight any incoherence with the meteorological forcings experienced by the green roof, but another case study with longer time series and surface flux data would be needed to study these aspects and improve the model. Finally, as expected by its better performance in modelling substrate water content, the OM subset 2 performs slightly better at simulating substrate temperatures than subset 1, as shown by Fig. 8 and Table 5 , with better RMSE and MBE values than subset 1. This results in better temperature scores for the subset 2 in the drainage layer. Eventually the analysis of the two OM subsets suggests that a porosity of 0.674 instead of 0.411 m 3 m −3 for the substrate is a more appropriate value for modelling this case study plot with GREENROOF.
Conclusions and perspectives
A parameterization called GREENROOF for simulating extensive green roofs across the cities has been developed within TEB, which is consistent with the modular architecture of SURFEX. While the natural surface scheme ISBA-DF simulates the transfers of heat and water within the natural compartments of the green roof, TEB handles transfers within artificial layers of the green roof and the structural roof. The GREENROOF module consists of the two-way coupling of these two models via the heat flux which establishes between the natural and artificial roof layers in contact and their respective temperatures. A vertical green roof design as well as two greening options (grass or sedum lawn) are available. GREENROOF is evaluated for a case studyan experimental green roof plot located in the northeast of France. Initially, a calibration exercise is realized in order to identify the soil type that best describes the hydrological behaviour of the soil-forming materials used for the drainage layer of the green roof plot. Calibration results show that the hydrological behaviour of expanded clay granules is closest to the behaviour of peat, which is an important indication for the modelling community as drainage layers are not generally simulated by existing green roof models. After calibration, results show that GREENROOF performs well in reproducing the dynamics of both the outlet drainage and the water content within the substrate, with a tendency to overestimate drainage and underestimate water content. The differences between modelled and observed water contents do not impact too much the simulation of temperatures, which presents satisfactory statistical scores. Nonetheless, on this case study plot, GREENROOF tends to overestimate soil temperatures and their amplitudes. Due to the thermal inertia of the soil layers, the temperature of the drainage layer is the least biased, which allows for a good thermal coupling with the artificial/structural roof layers. Considering the results of this study, the future developments of GREENROOF should include the analysis of experimental green roof plots, providing complete records including surface flux data, as well as plots with a retention layer instead of a drainage layer. Since the experimental plot studied (extensive, sedum lawn, typical substrate and drainage layer materials) is a type of green roof that is frequently implemented on urban buildings, the hydrological characteristics highlighted via this case study are retained to simulate green roofs at the scale of cities. Thanks to the coupled developments of the GREEN-ROOF module and the building energy model (BEM, Bueno et al., 2012) within TEB, impact studies are currently in progress to assess the potential of green roofs (and associated water resources) as a sustainable adaptation strategy for cities in terms of indoor thermal comfort and energy consumption, as well as urban heat island mitigation if coupled to an atmospheric model. Also, through the various options currently available in ISBA, other impacts of green roofs could be studied at the scale of cities, such as, for example, their potential for carbon dioxide sequestration.
Code availability
The GREENROOF module has been implemented within the version 7.3 of the SURFEX platform. For further details, including how to obtain a copy of the source code, see http://www.cnrm.meteo.fr/surfex/. 
A1 Method
The b coefficient is involved in a formulation implemented in ISBA (hence called the GREENROOF module) which connects the water potential to the water content in a soil matrix derived by Clapp and Hornberger (1978) :
where ψ (m) is the water potential for a specific water content wc (m 3 m −3 ), ψ SAT (m) is the water potential at saturation corresponding to the water content at saturation (i.e. the porosity) wc SAT (m 3 m −3 ), and b is an empirical coefficient, which must be estimated. This formulation when plotted for a soil is called the water retention curve. Following Eq. (A1), the b coefficient can be estimated, if observations are available, as the opposite of the slope of the water retention curve expressed as LOG 10 ψ ψ SAT = −b × LOG 10 wc wc SAT .
Note that for applications of ISBA to natural soils, the b coefficient does not need to be user-calibrated because it is estimated within the model after pedotransfer functions based on user-input soil texture (sand and clay fractions). The case of green roof soil-forming materials is different because sand and clay fractions are not really appropriate to characterize them. Hence, for the substrate of the green roof studied for which water contents and matrix potentials were recorded between July and November 2011, the b coefficient can be estimated.
A2 Fitting b coefficients for the case study green roof substrate
The b coefficient has been estimated based on Eq. (A2) using a linear regression for two compatible combinations of porosity and saturated water potential tested in the calibration exercise, respectively 0.674 m 3 m −3 with −0.1 m for the first combination and 0.411 m 3 m −3 with −0.1 m for the second combination. For the first combination, the linear regression resulted in a fitted b coefficient of 2.9. The same treatment for the second combination (Fig. A2 ) resulted in a fitted b coefficient of 3.9. The two resulting water retention curves are displayed in Figs. A1 and A2 , showing the agreements between the b fitted theoretical curves and the observed curves. For both combinations, the agreement is acceptable, but the Clapp and Hornberger (1978) formulation does not seem able to reproduce the tail of the observed water retention curve -when water content is above 0.20/0.25 m 3 m −3 . Also, the second combination appears better than the first at reproducing the inflexion of the observed curve, although it does not capture the points with the lowest water contents/greatest matrix potentials. However, the functioning of water potential probes can be well altered in dry conditions because of the rough texture (and the resulting lack of contact) of the soil-forming material of the green roof substrate. This may question the validity of the high water potential recorded on that green roof plot.
